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a b s t r a c t 

Lithium–sulfur batteries have been regarded as the most promising high-energy electrochemical en- 

ergy storage device owing to the high energy density, low cost and environmental friendliness. How- 

ever, traditional lithium–sulfur batteries using ether-based electrolytes often suffer from severe safety 

risks (i.e. combustion). Herein, we demonstrated a novel kind of flame-retardant concentrated electrolyte 

(6.5 M lithium bis(trifluoromethylsulphonyl)imide/fluoroethylene carbonate) for highly-safe and wide- 

temperature lithium–sulfur batteries. It was found that such concentrated electrolyte showed superior 

flame retardancy, high lithium-ion transference number (0.69) and steady lithium plating/stripping be- 

havior (2.5 mAh cm 

−2 over 30 0 0 h). Moreover, lithium–sulfur batteries using this flame-retardant concen- 

trated electrolyte delivered outstanding cycle performance in a wide range of temperatures ( −10 °C, 25 °C 
and 90 °C). This superior battery performance is mainly attributed to the LiF-rich solid electrolyte inter- 

phase formed on lithium metal anode, which can effectively suppress the continuous growth of lithium 

dendrites. Above-mentioned fascinating characteristics would endow this flame-retardant concentrated 

electrolyte a very promising candidate for highly-safe and wide-temperature lithium–sulfur batteries. 

© 2020 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published 

by Elsevier B.V. and Science Press. All rights reserved. 
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1. Introduction 

Lithium–sulfur batteries have attracted a great deal of attention

owing to the abundant sulfur resources, environmental friendliness

and high theoretical energy density (2600 Wh/kg) [1–3] . However,

there are still many intractable problems (such as the combustion

of electrolyte, the shuttling effect of polysulfides and the growth

of lithium dendrites) needed to be resolved [4–6] . The polysul-

fides dissolve into the electrolyte and shuttle across the separator

to react with the lithium metal anode, leading to a rapid fading

capacity and deteriorating long-term cycling stability of lithium–

sulfur batteries. Physical/chemical confinement is vital for anchor-

ing polysulfides. The novel separator and cathode material with

3D porous structure is another effective strategy to inhibit the

PS shuttling effect [7–13] . Compact and stable LiF-rich solid elec-

trolyte interphase (SEI) is beneficial to suppress the continuous
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rowth of lithium dendrites [14–16] . In addition, LiF is a robust

lectrical insulator ( ≈10 −31 S/cm), which prevent electrons from

rossing the SEI layer and allows the conduction of lithium ions

17–19] . Therefore, LiF-rich SEI exhibits superb advantages of en-

ancing surface diffusion of lithium ions during electrodeposi-

ion and inducing a uniform and dendrite-free lithium metal an-

de. Among all the problems, safety is the top priority consider-

tions [20–22] . As is known to all, the widely used electrolytes

f lithium–sulfur batteries are mainly composed of 1,3-dioxolane

DOL) and 1,2-dimethoxymethane (DME). However, relatively low

oiling points (75 °C for DOL and 42 °C for DME) may lead

o cell failure or hazardous safety events. Hence, advanced elec-

rolyte with superior flame retardancy is vital to develop highly-

afe lithium–sulfur batteries [23] . 

Up to now, a series of advanced electrolytes (such as ionic

iquid electrolytes, inorganic solid electrolytes, flame retardant

lectrolytes) have been fabricated to improve the safety issues

f lithium–sulfur batteries. Ionic liquid electrolytes with char-

cteristics of low volatility, thermal stability and flame retar-

ancy are much safer than afore-mentioned conventional ether-
y of Sciences. Published by Elsevier B.V. and Science Press. All rights reserved. 

https://doi.org/10.1016/j.jechem.2020.03.034
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jechem
mailto:zhang_jj@qibebt.ac.cn
mailto:zhouxinhong@qust.edu.cn
mailto:xyang@qust.edu.cn
mailto:cuigl@qibebt.ac.cn
https://doi.org/10.1016/j.jechem.2020.03.034


Z. Yu, J. Zhang and C. Wang et al. / Journal of Energy Chemistry 51 (2020) 154–160 155 

b  

f  

e  

f  

p  

r  

s  

t  

r  

m  

r  

u  

t  

t

[  

u

c

p  

e  

v  

c

c  

I  

c  

b  

h

 

a  

a  

a  

d  

c  

u  

a  

b  

t  

t  

b  

a  

b

b  

f  

d  

c  

L  

s  

H  

l

c  

l  

c  

S  

o  

c  

s  

(

2

2

 

L

fi  

v  

g

2

 

p

 

h  

r  

t  

m  

p  

s  

o  

1  

w  

f  

f  

o

(  

c  

t  

i

2

 

S  

e  

a  

t  

w  

i  

m  

s  

e  

A  

e  

w  

t  

c

t

w  

s  

s

3

 

i  

t  

F  

(  

i  

w

t  

r  

f  

t  

n  

w  

r  

L  

F  

a  

a  

s

ased electrolytes. Unfortunately, ionic liquid electrolytes may suf-

er from high viscosity and high cost [24–27] . Inorganic solid

lectrolytes have great potential to resolve the shuttling ef-

ect of polysulfides. But the manufacturing process is too com-

lex to achieve large-scale production [28–31] . Therefore, flame-

etardant electrolytes are better alternative way to improve

afety of lithium–sulfur batteries. Generally, flame-retardant elec-

rolytes have two mechanisms proposed to explain the flame

etardation: (1) Chemical radical-capturing process, which ter-

inates radical chain reactions responsible for the combustion

eaction in the gas phase. (2) Physical process, which build-

p an isolating layer between the condensed and gas phases

o stop combustion process [32 , 33] . Trimethyl phosphate and

riethy phosphate are representative flame-retardant electrolytes 

34–38] . Wang’s group reported that lithium–sulfur batteries

sing triethy-phosphate/lithium bis(oxalato)borate/fluoroethylene 

arbonate flame-retardant electrolyte exhibited superior cycle 

erformance [39 , 40] . Apart from trimethyl phosphate and tri-

thy phosphate, other flame-retardant electrolytes were also in-

estigated comprehensively. Yuan Yang’s group develop a ε-

aprolactam/acetamide based eutectic-solvent electrolyte, which 

an dissolve all lithium polysulfides and lithiumsulfide (Li 2 S 8 –Li 2 S).

n addition, this low-cost eutectic-solvent-based electrolyte is diffi-

ult to ignite and thus enhance the safety issues of lithium–sulfur

attery. However, the discharge specific capacity of the battery still

as a way to go, though [41] . 

Recently, concentrated electrolytes have received much more

ttention owing to their unique solvation structure and function-

lity, such as protection of lithium metal anode, suppression of

luminum current corrosion as well as wide electrochemical win-

ow [42–48] . Suo et al. developed a new class of ultrahigh salt

oncentration electrolyte (7 mol LiTFSI to DOL:DME (1:1 by vol-

me)) to effectively suppress the growth of lithium dendrites

nd inhibit the shuttling effect of polysulfides of lithium–sulfur

atteries [47] . Liu et al. fabricated the high-concentration elec-

rolytes (1:2 LiFSI-TEP) for lithium metal batteries. It was noted

hat high coulombic efficiency ( > 99%) and excellent cycling sta-

ility can be obtained in Li-Cu half-cells [48] . Recently, Wang et

l. reported a series of electrolyte mixtures containing lithium

is(trifluoromethylsulphonyl)imide (LiTFSI) and fluoroethylene car- 

onate (FEC) based solvents coupled with half cell (NMC/Li) and

ull cell (C/NMC) for comparing the physical, rheological and con-

uctive properties of electrolyte solvents [49] . But the commer-

ial electrolyte shows better cell performance than 0.75 mol/kg

iTFSI/FEC evidently. As far as we all know, few work on lithium

ulfur batteries using concentrated electrolytes was reported.

erein, we proposed a new kind of concentrated electrolyte (6.5 M

ithium bis(trifluoromethylsulphonyl)imide (LiTFSI)/fluoroethylene 

arbonate (FEC)) with superior flame-retardancy and steady

ithium plating/stripping behavior. It is also found that such con-

entrated electrolyte can enable the formation of effective LiF-rich

EI on Li metal anode and then suppress continuous generation

f lithium dendrites during long-term operation. As a result, such

oncentrated electrolyte-based lithium sulfur batteries delivered

atisfactory battery performances in a wide range of temperatures

 −10 °C, 25 °C and 90 °C). 

. Experimental 

.1. Materials 

Propylene carbonate (PC), fluoroethylene carbonate (FEC),

ithium bis(trifluoromethanesulphonyl)imide (LiTFSI) and glass 

ber were purchased from Sigma Corporation. LiTFSI was dried in

acuum oven at 140 °C overnight in advance. Other chemical re-

ents were used as received without further purification. 
.2. Sample preparation 

1 M LiDFOB/PC and 6.5 M LiTFSI/FEC were stirred at room tem-

erature for 12 h. 

PAN (1 g) and sulfur (3 g) were mixed homogeneously and

eated at 360 °C in nitrogen (N 2 ) atmosphere for 6 h, thereby

esulting in a PAN@S with a sulfur content of 34.18 wt%, as de-

ermined by elemental analysis using a PE 2400 II CHNS/O ele-

ental analysis system (PerkinElmer). The theoretical specific ca-

acity of PAN@S is calculated by theoretical specific capacity of

ulfur (1672 mAh g −1 ) multiplying with sulfur content. The cath-

de was prepared by blending 80 wt% active material (PAN@S),

0 wt% electronic conductor (super-P) and 10 wt% binder (LA133)

ith appropriate deionized water and then casting on aluminum

oil. After dried under high vacuum at 90 °C for 12 h, cutting the

oil into small disks with a diameter of 12 mm. The areal densities

f sulfur were 0.7 mg cm 

−2 ( −10 °C and 90 °C) and 2.5 mg cm 

−2 

25 °C). All batteries went through activation firstly. Galvanostati-

ally charging/discharging tests were carried out on a Land battery

est system (Land CT2001A, Wuhan Land Electronic Co. Ltd, China)

n the voltage range between 1.0 V and 3.0 V (vs. Li + /Li). 

.3. Sample characterization 

The performance of Li/Li symmetric cells, Li/Cu cells and

@PAN/Li cells were tested with LAND testing systems. Scanning

lectron microscopy (SEM, Hitachi S-4800) was employed to char-

cterize the morphology of samples. X-ray photoelectron spec-

roscopy (XPS) performed on a Thermo Scientific ESCA Lab 250Xi

as used to collect the surface components. The ionic conductiv-

ty is tested via the electrochemical impedance spectroscopy (EIS)

easurement in the frequency range of 100 mHz to 7 MHz. Raman

pectra were recorded at room temperature using a Thermo Sci-

ntific DXRXI system with excitation from an Ar laser at 532 nm.

n in situ optical microscope from the Olympus Corporation was

mployed to obtain the depositional morphology of lithium metal

ith different electrolytes in real time so as to better study the in-

erfacial stability. Lithium-ion transference number ( t Li + ) was cal-

ulated using the Bruce–Vincent–Evans equation: 

 L i + = [ I ss × ( V − I 0 R 0 ) ] / [ I 0 × ( V − I ss R ss ) ] 

here V is the applied voltage, I o and I ss are initial current and

teady-state values, respectively, R o and R ss are initial and steady-

tate interfacial resistance, respectively. 

. Results and discussion 

To further clarify accurate structure of 6.5 M LiTFSI/FEC, we

nvestigated Raman spectra of flame-retardant concentrated elec-

rolyte with different salt concentrations [50 , 51] . As shown in

ig. 1 (a), when increasing LiTFSI concentration to 6.5 M, the peak

the ring breathing mode at 905 cm 

−1 ) of FEC gradually dimin-

shes and form Li + -coordinated FEC (922 cm 

−1 ). In the electrolyte

ith enough FEC, the excess FEC can replace the bound of TFSI −

o form solvent-separated ion pairs (SSIPs). As the increasing mole

atio of LiTFSI, it exists with different forms of solvate complexes

rom contact ion pairs (CIPs, an FSI − coordinating with one Li + ) to
he aggregates (AGGs, an FSI − coordinating with two or more Li + ,
o free TFSI −), indicating most FEC solvent have been coordinated

ith Li + , forming the solvation structure of Li + -TFSI −-solvent. As a

esult, there is a little or even scarcely flammable FEC in 6.5 M

iTFSI/FEC electrolyte [52] . The result can also be supported by

ig. 1 (b). When increasing LiTFSI concentration, free FEC decreases

nd forms aggregate (745 cm 

−1 ) at 6.5 M LiTFSI/FEC. In which,

lmost the TFSI − anions combined with multiple Li + cations via

trong coulombic interaction. 
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Fig. 1. Raman spectra of LiTFSI/FEC mixtures: (a) 880 cm 

−1 – 960 cm 

−1 , (b) 700 cm 

−1 – 800 cm 

−1 . Illustration of lithium–sulfur batteries using (c) 6.5 M LiTFSI/FEC and (d) 

1 M LiDFOB/PC. 

Fig. 2. Flame-retardant photographs of (a) 1 M LiDFOB/PC, (b) 1 M LiTFSI/FEC and (c) 6.5 M LiTFSI/FEC. 
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Fig. 3. (a) Voltage profiles of Li/Li symmetrical cell with 6.5 M LiTFSI/FEC electrolyte under different current densities and areal capacities; (b) Voltage profiles of Li/Li 

symmetrical cells using 6.5 M LiTFSI/FEC electrolyte and 1 M LiDFOB/PC electrolyte cycled at 5 mA cm 

−2 and 2.5 mAh cm 

−2 (the inset is voltage profiles of 6.5 M LiTFSI/FEC 

electrolyte from 40 h to 45 h); (c) Deposition morphology of lithium-metal to the copper foils using an in situ optical microscope in the Li/Cu half cells with 6.5 M LiTFSI/FEC 

electrolyte and 1 M LiDFOB/PC electrolyte. (Current density: 2 mA cm 

−2 ). 
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Glass fiber separators soaked 6.5 M LiTFSI/FEC, 1 M LiTFSI/FEC

nd 1 M LiDFOB/PC were used to evaluate the flame retardancy.

s vividly shown in Fig. 2 (a and b), once exposured to flame

or 1 s, 1 M LiDFOB/PC and 1 M LiTFSI/FEC both ignited imme-

iately and burned, suggesting these two electrolyte are highly

ammable. In addition, 1 M LiTFSI/DOL + DME can also be ignited

asily and burn continuously (Fig. S1). In a sharp contrast, even

xposured to flame for 10 s, 6.5 M LiTFSI/FEC still exhibited excel-

ent flame retardancy ( Fig. 2 (c)). The origin of flame retardancy of

.5 M LiTFSI/FEC is as follows: (1) FEC possesses high boiling point

249 °C) and high flash point (120 °C). In addition, there are fluo-

ine in FEC and LiTFSI. Hence, high concentration electrolyte (6.5 M

iTFSI/FEC) was fluorine-contained electrolyte, which was benefi-

ial to enhance the flame retardancy. (2) With respect to 6.5 M

iTFSI/FEC, almost all FEC have been coordinated with LiTFSI to

orm LiTFSI-FEC pairs, resulting in very scarcely free FEC molecules

42 , 48 , 53] . Above-mentioned two factors enable 6.5 M LiTFSI/FEC

utstanding flame retardancy. 

As demonstrated in Fig. 3 (a), it was noted that Li/Li symmet-

ical cells using 6.5 M LiTFSI/FEC also deliver rate capability at

aried current densities and areal capacities (5 mA cm 

−2 and

0 mAh cm 

−2 ; 10 mA cm 

−2 and 20 mAh cm 

−2 ; 20 mA cm 

−2 
nd 40 mAh cm 

−2 ). As shown in Fig. 3 (b), Li/Li symmetrical

ells with 6.5 M LiTFSI/FEC exhibited lower polarization voltage

nd ultra-long cycling stability (over 30 0 0 h) under 5 mA cm 

−2 

nd 2.5 mA h cm 

−2 as comparing to 1 M LiDFOB/PC and 1 M

iTFSI/DOL + DME (Fig. S10). In addition, a smooth and compact sur-

ace on lithium metal anode cycled with 6.5 M LiTFSI/FEC elec-

rolyte was observed after 10 cycles (Figs. S2 and S3). Fig. 3 (c)

resents the deposition morphology of lithium to the copper foils

sing an in situ optical microscope in the Li/Cu half cells with

ifferent electrolytes. It was found that some visible protuber-

nces appeared on copper foils cycled with 1 M LiDFOB/PC. In

 sharp contrast, a compact surface formed on the copper foils

n 6.5 M LiTFSI/FEC, suggesting that 6.5 M LiTFSI/FEC is favor to

orm effective SEI and then suppress the continuous growth of

ithium dendrites. Therefore, 6.5 M LiTFSI/FEC could effectively pro-

ect metallic lithium anodes against the formation of lithium den-

rites. Lithium-ion transference number ( t Li + ) is an important fac-

or of electrolyte. High t Li + can reduce concentration polarization

f lithium batteries. As can be seen from Figs. S4–S6, t Li + (0.69)

f 6.5 M LiTFSI/FEC is much higher than that of 1 M LiDFOB/PC

0.38) and 1 M LiTFSI/FEC (0.44). The high t Li + reflects effective

ransportation of Li ions, which raises the lithium ionic mass trans-
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Fig. 4. XPS spectra of cycled Li metal anode disassembled from Li/Li symmetrical cells after 10 cycles with 1 M LiDFOB/PC and 6.5 M LiTFSI/FEC. (a) C 1 s , (b) O 1 s , (c) F 1 s , 

(d) Li 1 s . 
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fer rate between electrolyte and metallic lithium electrode, thereby

enhancing the uniformity of lithium deposition and dissolution in

charge/discharge process. Hence, high t Li + is expected to protect

the Li metal anode effectively [60] . Arrhenius plots of the ionic

conductivity of the electrolytes with different salt concentrations

in the temperature range of 30 to 90 °C are shown in Figs. S7 and

S8. At the room temperature, the electrolytes (LiTFSI/FEC) show

ionic conductivity of 0.47, 0.32, 0.28, 0.22, 0.09 and 0.08 mS/cm

at different salt concentrations of 1, 2, 3, 4, 5 and 6.5 M, respec-

tively. It can be seen that the ionic conductivity decreases with

increasing salt concentration. Linear sweep voltammetry (LSV) is

used to measure the oxidation decomposition potential of varied

electrolytes. As seen from Fig. S9, electrochemical window of 6.5 M

LiTFSI/FEC is 4.9 V, which is higher than that (4.5 V) of 1 M LiD-

FOB/PC. 

As seen from Fig. 4 that the SEI for 6.5 M LiTFSI/FEC mainly

consisted of LiF (55.7 eV, Li 1 s ; 685.2 eV, F 1 s ). What’s more inter-

esting is that only LiF is found in F 1 s spectra [54–57] . On the con-

trary, the content of LiF formed on SEI is fewer for 1 M LiDFOB/PC.
here is a chemical equilibrium of “FEC ⇔ VC + HF”, FEC may

lowly release HF that can react with the alkali SEI components,

uch as lithium akalycarbonate, lithium alkyoxide, and Li 2 CO 3 , to

orm more even and LiF-rich SEI. And a very thin LiF nanolayer

an stop electron tunneling but facilitate the Li + rapid transport.

hang’s group develop FEC as additives and the lithium metal bat-

ery formed a LiF-rich solid electrolyte interphase (SEI), which is

ompact and stable, and thus beneficial to obtain a uniform mor-

hology of Li deposits [58] . Prof. Wang and his co-workers de-

ivered a high concentration (10 M) of FSI anion enabled inter-

hases of high LiF content on Li-metal anode surfaces [59] . LiF

xhibits much higher interfacial energy to Li metal and mean-

hile produces a reduction of as much as 0.13 eV in the activa-

ion energy barrier for Li diffusion at the electrolyte/Li-metal elec-

rode interface. Thus, the surface diffusivity should be increased

y more than two orders of magnitude, which facilitates Li trans-

ort along the interface and promotes the formation of a uni-

orm morphology of the deposited Li metal. According to the afore-

entioned results, the LiF-rich SEI can accommodate suppress the
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Fig. 5. (a) Cycling stability of lithium–sulfur batteries (2.5 mg/cm 

2 ) using 1 M LiDFOB/PC and 6.5 M LiTFSI/FEC; (b) Typical discharge/charge profiles of lithium–sulfur cells 

(2.5 mg/cm 

2 ) with 6.5 M LiTFSI/FEC; Typical SEM images of cycled Li metal anode disassembled from lithium sulfur batteries (2.5 mg/cm 

2 ) using (c) 6.5 M LiTFSI/FEC and 

(d) 1 M LiDFOB/PC; Cycle performance of lithium–sulfur batteries (0.7 mg/cm 

2 ) using 6.5 M LiTFSI/FEC at (e) 90 °C and (f) −10 °C. 
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rowth of lithium dendrites effectively and then enhance electro-

hemical performance of lithium sulfur batteries when using 6.5 M

iTFSI/FEC. 

Fig. 5 (a and b) presented the cycle performance and discharge

urves of lithium–sulfur batteries with 6.5 M LiTFSI/FEC at 0.2 C.

 M LiDFOB/PC electrolyte has a higher ionic conductivity and a

ower viscosity than 6.5 M LiTFSI/FEC. As a result, the discharge

pecific capacity of the battery using 6.5 M LiTFSI/FEC may be

lightly lower. It is worth noting that the cell with 6.5 M LiTFSI/FEC

xhibited high discharge specific capacity (839.1 mAh g −1 ) and

uperior cycle performance (capacity retention of 93% after 100

ycles) even at a high sulfur mass loading (2.5 mg/cm 

2 ). More-

ver, the coulombic efficiency is higher than that of 1 M LiD-

OB/PC ( Fig. 5 (a)), which is attributed to the steady lithium strip-

ing/plating behavior of 6.5 M LiTFSI/FEC. Striking differences in

orphologies of Li deposits in different electrolytes were observed

n scanning electron microscopy (SEM) images ( Fig. 5 c and d).

ighly porous/loose structures with extensive dendritic Li growth

ere observed in 1 M LiDFOB/PC, while, compact aggregates of

arge nodule-like Li particles without dendrites were observed for

.5 M LiTFSI/FEC. 

In addition, this novel flame-retardant concentrated electrolyte

lso exhibited satisfactory battery performance at −10 °C and

0 °C. As shown in Fig. 5 (e), lithium–sulfur cell exhibited good cy-

ling stability (discharge specific capacity of 981.5 mAh g –1 after

0 cycles) at the elevated temperature of 90 °C. The battery with
 M LiTFSI/DOL + DME delivered a high discharge specific capacity

f 600 mAh g –1 for five cycles at the low temperature of −10 °C.

owever, the capacity decays rapidly and the capacity retention is

nly 33% after 40 cycles. But, in contrast, lithium sulfur battery us-

ng 6.5 M LiTFSI/FEC operate well (453.4 mAh g –1 after 50 cycles)

t the low temperaturte of −10 °C ( Fig. 5 (f)), which is much better

han that of the counterpart (1 M LiTFSI/DOL + DME) (Fig. S11). 

Table S1 compares the cycle performance of our results and

ithium–sulfur batteries using flame-retardant electrolytes previ-

usly reported. As we all know, high temperatures will lead to

ore serious parasitic side-reactions of lithium–sulfur batteries.

ow temperature will lead to the slow reaction kinetics. As shown

n Table S1, Lithium–sulfur batteries with flame-retardant 6.5 M

iTFSI/FEC can operate in a wide range of temperatures ( −10 °C,

5 °C and 90 °C). The capacity retention is 99.2% after 50 cy-

les with a capacity attenuation of < 0.016% per cycle at −10 °C.

n addition, the battery can deliver a discharge capacity above

81.5 mAh g –1 at the elevated temperature of 90 °C. 

. Conclusions 

In summary, flame-retardant concentrated electrolyte (6.5 M

iTFSI/FEC) was demonstrated to improve safety and battery

erformances of wide-temperature lithium–sulfur batteries. It 

as found that such electrolyte exhibited steady lithium plat-

ng/stripping behavior (2.5 mAh cm 

−2 over 30 0 0 h). It is worth



160 Z. Yu, J. Zhang and C. Wang et al. / Journal of Energy Chemistry 51 (2020) 154–160 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[
 

 

 

 

 

 

 

 

 

 

noting that the cell with 6.5 M LiTFSI/FEC exhibited high discharge

specific capacity (839.1 mAh g −1 ) and superior cycle performance

(capacity retention of 93% after 100 cycles) even at a high sul-

fur mass loading (2.5 mg/cm 

2 ). In addition, lithium–sulfur bat-

teries with this flame-retardant concentrated electrolyte can also

operate well in a wide range of temperatures ( −10 °C and 90 °C).

At the same time, we also find that this flame-retardant con-

centrated electrolyte is favor to generate a robust LiF-rich SEI,

which can achieve steady lithium plating/stripping and suppress

continuous generation of lithium dendrites during long-term cy-

cles. Above-mentioned fascinating characteristics would endow

6.5 M LiTFSI/FEC a promising electrolyte for highly-safe and wide-

temperature lithium–sulfur batteries. 
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